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Abstract

A RC parallel gate model is used to consider gate distributed effect that affects RF MOSFET performance, and
extraction formula based on Y), —parameters are used to extract model parameters directly from measured S-parameters.
Better agreement between measured and modeled S-parameters in the frequency range beyond 10 GHz is achieved by
using the RC parallel’ model than conventional Rg one, demonstrating the accuracy of the RC model and extraction
technique. Using these extraction methods, gate voltage dependent curves of RC gate model parameters are newly
extracted, and these parameter data will greatly contribute to developing a RF nonlinear gate model.

Keywords : RF MOS, MOSFET model, parameter extraction, gate resistance, distributed effect

I.M 2 7} ZAAFo] &g Silicon MOSFET®] 71% 232
o] A& 3 i, o] RF MOSFETS] RF 54
T RF 541719 12503t 9 Fojdsirt d A ¢l maximum frequency of oscillation fmax2

AReR 7H438 5 4%, RF IC AXE 93 maximum power gain GomaoS A1 EAE Ryl 2
g2 won AWHoE MOSFETY fuax? Power
T, A, EFAFoI S AR RFTEHY Gaine the 2ol & dch

(School of Electronics and Information Engineering,

Hankuk University of Foreign Studies) Tr
" A9, 44FH71E49 MEMS Lab Fnes =\ SaR, Oy ()
(MEMS Lab., Samsung Advanced Institute of
Technology) e N Q)
# B AFE BeprleRd A FsE 2147] TEH P 8af 'R, Cq
ol Al F HEtE YxaxdAdd AYdez
T3 A F. 7]l A, fre cutoff frequency, Cea gate-drain

Heda 2005414129, 3¢5 Y 200594920



2 RF MOS ERXAHE 96t /O YA 2 metu[E S Ho[K{4 F5 Koy =&

capacitance, 12] 3l R, gate resistance©]t}.

gle] Aol BoFE= ups} o] FH RF 54<
dZ&357] YalME Rl did e mdo] T35 o
of gt}

AolE 9¥9] Eed F7IlE2E A°JE polysilcon
o] AF A7 oxide MAAEH2 L Ad A RO
TFAH glow, olgd AoE A AFH HY A
F& AOIE oxideE F3lA EXH(distributed) HEf=
Uehdt olwl RF F9dlA AoE olie A A3
%} oxide AAFAHAR27F AdE wetA Ladder HE|Z
£ ¥ 5] Non-Quasi-Static(NQS) &37} ZAHD, o]
' A2z 53 Fi57) fr AR 2FE d$ E o
&S o]} o]l#3 NQS a3E Td9] ALE 715d
Fug A3sr] witd wvo £ Fogpdi 2
S AHE37] Y E NQS & ik A7 dA F
23t =g RF 99elA AolE poly 48 AF
% oxide AMAELI} DM o] ladder FEIZ
E¥5o] X AolE #&3IMdistributed gate effect)”}
BT o] RF 9YolA & A4Ad 238 98
A7171 dgel wi$ F83t)h olyg EHE
7 dFAREAN BE Ao 2 o =
Fol 2EFo] A% 2 B4 wFel SPICE 5713
2 2d2E R geia oldd EAMEES F
317] Y8t 9 lumped REEA R9 C,E HE=E
A% FolE mdo] EHN TuH F

A5t o]281§ RC Alo|EREY] ASrE EY Ho
E 229 simulation HoJE & AMEste] AFHAO
o 22 249 S-AeolE dataste] HLE TF 4
gre 45dA Fgtrh £F o|#d RC AlolE 24
of £3td A LE vlolojx FEHE AT 9
oy, 71E ERdAME od tiF A7 FYPHA &
i wepa 2 Ao A= short channel MOS A3
Z2E %9 S-parameter data® AHE3le] RC ¥ &
Alo|E BH9 parameter ZES FE3IE MEL WY

Ndst i, 59 parameterE9] Hloloj2 F&A

2 aTsg,

B
H
il

. 29 m2ng F=5

1. F5 4y 9 24

2 AFE 93 AHEE AAH= gate length7} 0.5mS]
multi-finger 3 W (unit finger width = 5um, finger<==10
Mel N-MOSFETeltk, MOSFET utelulele] A &3k

HE2Y 9

222 98 = 7AHEL 2471 ¢lE open HE
HE# short HE AHL AHgste] 239 S-elE
23H de-embedding 33T, .
29 l@)¥E 243 MOSFET 5713224 7|95
B2 2d38e S (Cy, R, CwECl ETHIT
B 2y Aoeass 837 948t AoE AF R,
g G2 WEe 923908 channele) NQSE I
3l7] Adte] Ceeoll 2 EE NQS channel A3 (Rg) S
AzdAu’. sd olye AclE =d deves

A

Rg . J(/)gd Rd
_L It
G Co Cgs D
]\L Rds 1 de
Rgx gmvgs
Rs Rbk =< Ct_'k
S
(@
Rg
©
G
I ==Cgs == Cgd
Cg
Rgx
S D
Y11 .
b

Rg Cgg' Rgx’
c s

G | Co DS)

()
a8 1. (@ ®E RC AHolE 2HE AIB8 24T
MOSFET ¥ 5t 57132 (gr=gmne ™) b) Et=

stEl A SIt5|2 (o) Direct &S #Isl (b)
chesist 57182

(@ A small-signal MOSFET equivalent circuit
using parallel RC gate model. (b) Simplified
input equivalent circuit (¢} Simplified  input
equivalent circuit of (b) for direct extraction.

Fig. 1.



20054 53 HASE

direct 374 F&37) YA theH 2L 2wy
< NEsich

29 1@9 Yo-seveEs 28992, 2 draind
@} (Vgs=0V)A 713 Alo]EdA Soir}
B =75z Qadgeaz Hodn olgd 4
5713 2% Ry, Re&RasQ! saturationd F obzfoll A G,
Rek, Res AR E0] FAIH0} 19 1)} o] vstgl
u}. A o] 5748 Zol M Cg, Ry CuS S@ALE

2a7)E Y57 URd, oo o= EAsA T

:.-a 1(0)9] A4 boxE 28 1Q)elM BE AT 2o
Ca'® Rl A¥AAZ ZAlzsle] 58 4 ok
olglzro] 2ALSHE 5713 Ro|A AolE B welv|g
Ry, Co) AR 33317 984 ded 22 $44
ol AEA FEIU

39 1028 /Yne ted 2o gdd.

source AtolE

I S | _ﬂz
Yy, jwcgg’ +R T 2C'2R2 (3)
1A, 52 T35 H4AHP)ANA 4 3) g3 2
o Ak |
1 1
Real(— =R ' —_
ea ( Yl] )HF gz + 1U2C!]2Rg (4)

a9 244 He AR 2ol Ry'Y #2 HUWE
w oz 18 % do}A extrapolation linee] y-dH

oz a%%}ﬁt}

E, ¥ Fo5 HYLPHAA 4 3)2 thg 4o
2 EA}E}%E}.

Gy = —— (5)

wjmag(YLH)LH
Wetd CE 28 304 mE A7 2o] AG)Y A
F9 999 oz ARa

T, 1Y LOZPE obdls 2 3 o] FEAT,

1

Yaa = E +.7ng

o, Ya-detuHe S4€ Yu-dvH2 5y F

29 C,'% Ry’ 8 AAR & oA,
RS C, 352 98 $395L 4O)223H o}y

st 2ol fEH.
= [Real(Y,,)]™ ()

(29%)

8] =2X M 42 A SDH 5% 3

-
'

e L=05um Vgs=08, Vds=0.9V

e
N

Y
o

o]

w

o’.

Rea(1/Y 11 )ohms)

0 2 4 6

o A1023)
a8 2 wlegz 12l Real(l/Y;,)el nFalye
ZH|0|&

The measured high—frequency data of
Real(1/Y,,) versus w2

Fig. 2

035

¢ 1=0.5um Vgs=0.8V, Vds=-0.9V

o
8

o
¥

KMM

N olmeg(1Y  11)] (pF)
§

o
-
n

010 —
15 2 25 30 K

Frequency(GHz)

Fose stz a8 — 1/[wimag(1/Y;, )

Hlolg .

The measured data of — 1/[wlmag(1/Y;, )]

versus frequency.

0 5 10

a8 3
o &%

Fig. 3.

C =

g

% Imag(Y,,) 8)
ag oA A(7)e] Faol] wet Fasa 1Y 5
A 2(@®)°] Fuso wel FrlgE A4S RaFu

itk ]9} o] 10GHz o13te] AF 5 FAo|A 4(7)

# 89 FAHEC A WIe olfE, MOSFET

gate2 Eo71E acdF7t AFd AN wj$ FHol



4 RF MOS EHMXAHE & AOE YuHL 2 noha|EQ Hiojo{A £4 oy F£&

Yu-parameter®] =3 sensitivity7} 7] EH%" Zo.
2 gudd. g S 4 FAES AF 49 Y
dlole & FAlste &4 727 vas %—?: 10GHz
ol a1 Yy Hlo|HE AHESHH EFHor ¥
e F2 & 4& 7 Ik

ol# o]f wWEel, & dFdlXMe 1d 49 =7}
constant® &= 1FT G¥9 FO=Z RgE ZAINNL,
o] W ALEH Fu FY o2 1Y 544 CgE 2
Akt olgg 15T dolg FEWHe AFgL2
o3 0% 238o)A Rgot Cg FEUoJEHE A8 &

—

o

i3 rl

40
e |=0.5um, Vgs=0.8V, Vds=0.9V
2o
) °
S~ [ ]
ool ®
S 20} 0..
> Y
3
@ 10 -
0 1 1 1 I L 1
0 5 10 15 20 25 30 35
Frequency(GHz)
a8 4. Fage E#5E 38 [Red(Y,)]'el XM
Ol
Fig. 4. The measured data of [Real(Y,,)]™' versus
frequency..
25
| o L=0.5um, Vgs=0.8V, Vds=0.9V‘
201
o
s —,'.’,.‘M
= S
8 157 >’
Z )
g rd
E 10} ¢
3
T osf
0.0

0 5 0 15 20 25 30 35
Frequency(GHz)
3% 5 Fope gz a8l (1/w)lmaeg(Y,,) &
Hdlolg
Fig. 5 The measured data of (1/w)Imag(Y,,)
versus frequency.

HEY 9

o Yu-stehulgzh 2329 01614 0GH7AA 1A
F5 G o)F F AAPE AN BRFoZ
A QZE%

2. =& HpHO| HEHA
073 18ex dgd ez 329 RC ‘ﬁé Aol
E od era}u]E1~.4 AEEE AZ37] 93 VaE
09VE AT T V& 05VEE 1V7ER] 714714
Al MOSFET-J Z4 9 Yy-parameterst 29 dlolE &
M2 vt £ AlE RdY AREE YF3}
71 fgte] 719 &Y RO 2493} Hwart
old, 19 (@)X Al°E 2d melueES A9
3t Rg, Ry, 71 #t2lv]E] 2 intrinsic parameter&<
=% 2L gy FEPEE H8so FE3A
. @A Ree Z-parameter WAA"E A1gate] nF

o GgdA FEder, 718 AATEECq Cox,
Ru)< £4E S-#erg25E 58 RE AAY
F QoA Y-shve Ag40e g Fany.
E 1 V=08V, Vas=09VolM F&E Zdaiajo|g
Table 1. Extracted model parameters at Vg=0.8V,
Ves=0.9V.

Para |Extracted] Para |Extracted| Para |Extracted
meter | value {|meter| value |meter| value
Rd 8Q Rbk | 177Q | Cgd | 19.7F
Rs 8Q Rds 4kQ Cid 39fF
Rg | 105Q Cg | 1L75pF | Cbk | 40fF
Rgx | 3Q | Cgs | 233fF | gmo | 16mS

20
L=0.5um, Vgs=0.5V, Vds=0.9V

w15}

E

z

E 10¢

5 &% Re(Y,,)

D

@ 5T
Measurement
Simulation(Rg)
Simulation(RgCg)

0 1 1
0 5 10 15 20 25

a3 6. Vgs=05VollA ReallY:)2+ Imag(Yi)2l é’é dlo|
E{2t AlZ20|M Hole{E& Fhlel &2 H|
wsk Jafj=

Fig. 6. Comparison between measured and simulated
data of Real(Yy)and Imag(Yy) versus frequency
at Vgs=0.5V.



2005 53 TXFet3

&o2 RE é‘?« S-sEr e 25 F29 Ry
s N\% ey l Ag % Ao}z 7Z°-parameter
1R 2)10g. A}%s}oq 1% 49elN 2AsAL, vt
l }©2 2 intrinsic parameter?] Cgs, Ced, T, €mo, Tds =

& 249 S-FHeule e 329 Res} 719 e
B, Rs 2 A& 2d selugEe AAS T ol
Ye-parameter253-8 $28 WA o ang A4s)
k. olgt o] Fz® mUdEME  (V=08V,
Vas=09V)EL F 1914 R8st

o

25

L=0.5um, Vgs=0.6V, Vds=0.9V

Re(Y 44), IM(Y 4, J{mS)

0 5 10 15
Frequnecy(GHz)
28 7. Ve=06VOlA ReallY:)2t ImaglYn)el SHGHo|E
ot AlZ2|0o|Md HIO|HE Fhlise| &2 dlu
st Oefl=
Fig. 7. Comparison between measured and simulated
data of Real(Yr) and Imag(Y:) versus frequency

8
8

-
o

at Vos=0.6V.
30
L=0.5um, Vgs=0.8V, Vds=0.9V

25¢ IWﬂ)

2,
Ny o} Mesurement

E 15 Simulation(Rg)
:‘: — —— Simulation(RgCq)

Frequency(GHz)

gl 8 Vgs=0.8VollM ReallY:)2t ImaglYn)el Z=AGjo]
E{2} AlZelolMd HIo|HE Fulsel &2 4|
WSk Jefic

Fig. 8 Comparison between measured and simulated
data of Real(Y:) and Imag(Y) versus frequency
at Vgs=0.8Vv.

==X M 42 A SDH 5= 5

a3 6914 87X Ry T AMES 7|&Edla RC
WY AoE Bl Y& vk 19 6ol Ko
F50] Ry Ed2 10GHz ©14Y Fa4 dY9olM=
V=05V Imag(Yu) #el SAX o & Aolg BT
A5k RC Al°lE B4 A 20GHz7HA & dAlehe
RE FAT & UAth a7 6-804 BAFRe] 7|E
Ry 229 Real(Yn) @& BE Vi 3FoA 130 o
g ARG Z AoVt BAYFE A& € F UMk i
Hol]l RC Alo]E Zd9] A4 Real(Yn) #= 259 9
dollM ZAx9 vl $ & dAe}Ee AL & F AN

AR 29 69 10GHz |3t Fd FFdMe F
2d AR Real(Yu) #ol 33 data®t thd XA
2es U F g 2y Vot 718 o, 29 79
Bl A B F gixo] AFu JHdXe A7t 433

£9E1 e AS YT F dUh
Agdoz a9 6894 & 5 YKol RC ¥ 7
olE ®Rdo] 7|& R, RdxT} 4 1T Gl

Rgaths Ae ¢ & Atk

M. £&% HE0EQ| Bias 43

AlelE Ao 05mel A =H < Hgs 09Vezr 1j
’\]Z_ Z, ACE HgE F7HA718A RC HE AoE

29 359 bias & 54 A3

0% 1844 499 direct FEWEE AHEst]
o120 Rg'9F Rg bias E&dolEE 17 97 10914
HoFa 9ot

R’ 734 NQS &ol ofaf Vil Sl wet 2

ol Eol=E AL B F ANeH, Vit 2E 9 &

20

‘ —e— L=0.5um, Vds=0.9V

18 |

16

14

12

Rgx'(ohms)

10

8 -

6

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Vgs(V)

a8 9. FFE Ry'9 Vi 550|0(H
Fig. 9. Ves—dependent data of extracted R



6 RF MOS EMXAEE A% AOIE oA 2 m2i0|E{S HO|O{A F4 HO|H £&

14 | —eo— L=0.5um, Vds=0.9V l

N

12F

s
o

Rg(chms)

2F

0 J 1 L 1 I 1
0.4 05 06 0.7 0.8 0.9 1.0 1.1

Vgs(V)

a2 10. F=8 Rl Vg S50 0I5 HolE
Fig. 10. Ves—dependent data of extracted Ra.

0.256

—e— L=0.5um, Vds=0.9V J

0.19 - : : : : -
04 05 06 07 08 09 10 11

Vgs(V)

a3 1. F8EH Cy'd Vi B5H0IH
Fig. 11. Ves—dependent data of extracted Cqd.

20

—e— 1=0.5um, Vds=0.9V

18¢F

16¢

Cg(pF)
>

10}

08

06
Frequency(GHz)

a3 12, FEH G2l Vi S5HI0lH

Fig. 12. Ves—dependent data of extracted Ca.

prd 3

2288 Bolth} Vot Al F718haA 1 2480
Folee

A% 39 8 & dok AL RS AF Vi

524 ¢

14 | —e— 1=0.5um, Vds=0.9V

12t

K=Cg/Cgg'

2F

0 1 ) 1 1 . 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

Vgs(V)
a8 13 Vgoll e C/Cyel & ool
Fig. 13. Extracted data of C,/C,’ as a function
of Ves.

o Z7bol wek 1 gel Wah wmy He Ae ¢
% itk ot %28 R A¥e) NQS &37h ok
wolo]2o] HlmH HYHY A= polysilicon Aol
el Aup) GEQ Aoz waE,

Ce'®) 3% 39 LA RelFE 23t 2ol Vel
F7iel ek 2 ol B7AGe EAE AL AR
=]

Ce 14 ZE‘F‘E'] EC‘]T7°1 Ceg' 9t AR H}°]°1
& F54E BAFa k. o9 22 A4S RF 9
9q E A4 Ag3 Ad AWA-—RLI) ladder
ez 429 £¥XY 571328 RC ¥E 2d= o
<83A7] Wil 2As s ddolt.

o2& Coot Co'd A BAE Fotr7] A3t
a8 13904 K=Cy/Cy' & Vi8] &2 IR Vgsg]

57}"“ U’ra} K #& F7kstht A" 49AsA =He A

S B F e, SR KTAE He AS ¢+
%lt}. olg{g K factorg AH&3std Wz C o #& F
23 g glo] 329 Cy #Y KilZ Co 38 2
A3 Hoh

v.ad &

B AP short channel MOS #£Ak9] RFE
B& R8s dE37] st AolEY EXIHE I
g RC #H¥ AlolE 2dg Ag3igon, =47
S-parameter 25-8] 23 29 parameterg& FE3}=

Az S LS
WA MOSFET §7Hs|22578 =€ Yu-3etv]



20051 58 HAS3 =ZX A 42 A SD A 5 & 7

B WANEE AMHESIY Ry Cye'® 59 2 AF
% FYe2 Ry 47 &893, o)F 4E Yu-
o EAA AAG Fol Reot G FE3A-

olgg MZL FF WS A8t 7€ 9d R,
2493 RC Alo]E 299 Yi-parameter? ZFLE
20GHz7HA vl sty e, 1 A7 RC AlolE Rdo]
71& E9Er} 10GHz o9 153 gooA 24 2
dA3tE Ag & F AUk o9 ZE e HL3)
o] RC Aol 2d s}etr|e] 5] upo]of A(Vee= 05 -
1IV) F&d o8 g F&32H, 7t Cue'd Vs 5
dolH ¢} fAEHS #AA o3 F& Wy v}
ojo]2 ¥4 AW MOSFET thald =43} RF B4
g 2d Jao 2 7]9E & Aotk

ga2H

[1] N. Camilleri, J. Costa, D. Lovelace, and D. Ngo.,
“Silicon MOSFET’s, the microwave device
technology for the 90s”, in IEEE MTT-S int.
Microwave Symp. Dig., pp. 545-548, 1993.

S. P. Voinigescu, S. Wind, Y. J. Mii, Y. Lij, D.
Moy, K. A. Jenkins, CL. Chen, P. J. Coane, D.
Klaus, J. Bucchignano, M. Rosenfield, M. G. R.
Thomson, and M. polcari, "High performance
(.lum CMOS devices with 1.5V power supply”,
in Tech. Dig. Int. Electron Devices Meet, pp.
127-130, 1993. _

M. Bagheri, Y. Tsividis, ”"A small-signal
DC-to-high frequency nonquasistatic model for
the four-terminal MOSFET valid in all regions
of operation”, IEEE Trans. Electron Devices, pp.
2383-2391, 1985.

P. J. V. Vandeloo, W. M. C. Sansen, "Modeling
of the MOS transistor for high frequency analog
‘design”, IEEE Trans. Computer-Aided Design,
pp.713 - 723, July 1989.

L-S. Kim, R. W. Dutton, "Modeling of the
distributed gate RC effect in MOSFET's", IEEE
Trans. Computer-Aided Design, vol &
pp.1365-1367, Dec. 1989. )

B. Razavi, R. H, Yan, and K, F. Lee, "Impact of
distributed gate resistance on the performance of
MOS devices”, IEEE Trans. Circuits and
Systems I, vol. 41, pp.750~-754, Nov. 1994.

S. F. Tin, A, A Osman, K Mayaram, “A
small-signal MOSFET model for radio frequency
IC applications”, IEEE Trans. Computer-Aided
Design of Integrated Circuits and Systems, vol.
17, pp. 372-374, April 1998.

(2]

(3]

(4]

(5]

[6]

(71

(299)

[8] S. Lee, "Effects of pad and interconnection
parasitics on forword transit time in HBTS”",
IEEE Trans. Electron Devices, vol. 46, no. 2, pp.
275278, Feb. 1999. _

[9] S.Lee, C.S. Kim, and H. K. Yu, "A small-signal
RF model and its parameter extraction for
substrate effects in RF MOSFETs”, IEEE Trans
Electron Dev 48 (2001), pp. 1374-1379.

[10] S. Lee, "Direct extraction technique for a small
-signal MOSFET equivalent circuit with
substrate parameters”, Microwave and Optical
tech Leétt., vol. 39, no. 4, pp. 344-347, Nov 2003.



8 RF MOS ERXIAEE QA% HOIE AutiA 2E Het0(E{9 Hio|A B4 COjE F& EE2d 2

2 M(sH 3 4)
@9 ol Y 8L
AARRBER
Al 24,
LEDESELE
A3 B35} 3}
ZPEE)
<FHAEok 1 RF CMOS 22 243>

ol & H(3a39)
20049 @29 Fojoh st
AA BT
shal 4.
2004 #9) Fol ot
. A A4 2 353}
‘ Hab B,
<F@AEok : RF CMOS 27 Zdd>

N A2 7N

e CER)
19884 Agtista W73
| shAl 24,
19919 AT st A7) 38
| Hap 24,
| 2004 B9 Foista
AR R B AT,
1991 ~2001d 2 AR AA FEATA
B9l A7
20019 39~ FHAFPI1eY AE 74
<FFHAEoF ¢ RFID, RF CMOS & Zdd>

of 8 H(AHIY

1985 e digtn HAF &3}
Al 4.

1989\ ®| = University of
Minnesota A 7]-5 383}
AL &4,

1992\@ 1w = University of
Minnesota 7] 83}
HhAL &)

1992 ~1995d S HAZTANATY g+ 4d

19953 ~ & A = Fojuistn AAAHRFE

Ny .
<F @A Rof : CMOS 2 vlolEg} 4zt Rdld>

(300



